The effect of Lithium atoms evaporation on the surface of monolayer MoS 2 grown on SiO 2 /Si substrate is studied using ultra high vacuum (UHV ∼ 10 −11 mbar) Raman and circularly polarized photoluminescence spectroscopies, at low Lithium coverage (up to ∼0.17 monolayer). With increasing Li doping, the dominant E 
rial is strongly affected by the presence of dopants and defects in the lattice. For instance, excitons bind to mono and bi-Sulfur vacancy defects in the ML MoS 2 lattice and lead to additional features in the PL spectrum apart from the nearly free exciton transition.
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Raman spectrum of ML MoS 2 is strongly affected by the presence of structural defects and additional phonon modes become Raman active in the disordered crystal. 13 The peak energy and intensity of PL spectrum in ML MoS 2 can be tuned by chemical doping.
14 Thus, it is important to systematically study the effect of dopants and disorder on the optical properties of ML MoS 2 .
Previously, several strategies have been used for doping MoS 2 using different natured dopants, that include chemical treatment [14] [15] [16] , substitutional doping 17, 18 , surface evaporation of dopants 19, 20 and gating in a transistor geometry 3, 21 . It has been shown both theoretically and experimentally that surface adsorption of alkali metal atoms like Li, K, Cs etc. is an efficient way to reach very high levels of n-type doping (∼10 14 cm −2 electron density) in 2D materials. 22, 23 In bulk or in epitaxially grown layers (in epitaxial case even in ML limit) deposition of alkali metal atoms leads to ordered (intercalated) structures and possibility to precisely determine and correspondingly control charge transfer per added atom. [24] [25] [26] 28 On the other hand, for the adsorption of alkali metals or any other atoms or molecules on ML MoS 2 (or other 2D materials) transferred or directly grown on an amorphous SiO 2 support, such quantification is far from straightforward, notably because intercalation or stable adsorption of well-defined ordered structure does not occur. 18 Despite this difficulty, the investigation of atomic and molecular adsorption on single or few-layer 2D materials on a dielectric amorphous support such as SiO 2 , is of great importance with respect to possible applications, for example in sensors based on field effect transistors or in related devices for detection of changes in the optical response. 19, 29 Also, investigation of the optical spectra of doped ML MoS 2 using circularly polarized light is important for design of valleytronic devices.
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Another interesting aspect of this material is the existence of phases which differ in their structural and electronic properties. 
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In this letter, we discuss our investigation of the effect of in-situ evaporation of Li atoms on the surface of ML MoS 2 on SiO 2 /Si substrate under ultra high vacuum (UHV) (10 −11 mbar) conditions using micro-Raman and circularly polarized micro-PL spectroscopies at low temperatures (∼6K). We observe that Li doping causes shifts and line-broadening of the domi- signal as shown in Fig. 1(b) is again an indication of the good quality of our pristine ML and LA(M ) phonons have a dispersion of -24.5 cm −1 /eV and -10.5 cm −1 /eV respectively.
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We fixed the peak positions of these modes for 532 nm (2.33 eV) excitation and fitted our data using Lorentzian lineshape functions. In Fig. 2(k) , we plot the ratio of the intensity of the Raman modes due to LA(K) and LA(M ) phonons to that of the E ratio quantifies the disorder in the MoS 2 lattice. 13 An increase in this ratio with increasing 
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Thus, the tendency to undergo the phase transition from 2H to 1T form with Li doping could be responsible for the observed structural disorder in ML MoS 2 .
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Figures 3(a) -(c) show the experimental data and Gaussian fits for the circularly polarized PL of ML MoS 2 for different Li exposure times. Note that we do not fit the data for the sample with 130 s of Li exposure because its PL has almost entirely vanished and the spectrum is dominated by background of the Raman signal. Also, the fits are not ideal because apart from the exciton transition, the PL may have contribution from an unresolved trion related transition. 3, 8, 14 After the first 30 s of Li exposure, PL peak shows a redshift due to electron doping from Li atoms. 3 After 70 s of Li exposure, it blueshifts. Such blueshift of the PL spectrum of ML MoS 2 was also seen earlier in disordered samples. 41 Figures 3(d) shows the plot of integrated PL intensity with increasing Li exposure. We observe that the PL decays by more than three orders of magnitude after 70 s of Li exposure. The observed decay of PL intensity originates from different factors dominating at different stages of Li doping. Initially, electron doping due to charge transfer from Li atoms re-sults in trion formation (also evident from the redshift of the PL spectrum) and consequent decrease in the radiative recombination of excitons. 3, 14 With further increase in Li doping, structural disorder dominates as indicated by the changes in the Raman spectrum and also blueshift of PL spectrum. Structural defects in MoS 2 can serve as sites for excitons to bind and decay non-radiatively. 16 Also, disorder promotes IVS of electrons and holes to neighboring valleys from where they can possibly find paths for non-radiative decay. 39 Finally, with further increase in Li doping, the change in the band structure around the K-point due to the 2H to 1T phase transition leads to complete vanishing of the PL.
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Figure 4(a) shows the evolution of the circularly polarized PL with Li doping. As we discussed earlier, the circular polarization of the PL spectrum is due to spin-valley optical selection rules. The degree of circular polarization is defined as ML MoS 2 shows a large VP. As we observed in the Raman spectra of Li doped MoS 2 , with increasing disorder, the DRR processes become active. These processes involve the scattering of an electron from −K to K valley and from K(−K) to Q valleys involving LA(K) and LA(M ) phonons respectively and defects. 13, 39 Scattering of electrons between −K and Q valleys may partly contribute to the decrease in PL intensity as we have already discussed.
Valley depolarization on the other hand requires a simultaneous scattering of both electrons and holes between −K and K valleys. Even though hole scattering has to overcome a large spin-flip barrier, it can happen via the spin-degenerate Γ valley. 4, 42 This would effectively lead to valley depolarization and hence the decrease in ρ.
In conclusion, we have observed that the evaporation of Li atoms on the surface of ML MoS 2 grown on SiO 2 /Si substrate causes significant changes in the optical spectrum of ML MoS 2 .
With increasing Li doping, DRR processes become active leading to new peaks in the Raman spectrum. The circularly polarized PL spectrum shows a decrease in overall intensity and degree of circular polarization. These changes might be explained as a result of electron doping from Li atoms and IVS processes that become active because of disorder induced by Li atoms. Our results are a step towards understanding of the effect of doping and disorder on the optical spectrum of ML MoS 2 and similar 2D transition metal dichalcogenides.
See supplementary material for a description of the optical setup and in-situ image of the sample, room temperature VP measurements, identified Raman modes in
